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Abstract. Graphene has emerged as a promising building block in the modern optics
and optoelectronics due to its novel optical and electrical properties. In the mid-
infrared and terahertz (THz) regime, graphene behaves like metals and supports surface
plasmon resonances (SPRs). Moreover, the continuously tunable conductivity of
graphene enables active SPRs and gives rise to a range of active applications. However,
the interaction between graphene and metal-based resonant metamaterials has not
been fully understood. In this work, a simulation investigation on the interaction
between the graphene layer and THz resonances supported by the two-gap split ring
metamaterials is systematically conducted. The simulation results show that the
graphene layer can substantially reduce the Fano resonance and even switch it off, while
leave the dipole resonance nearly unaffected, which phenomenon is well explained with
the high conductivity of graphene. With the manipulation of graphene conductivity
via altering its Fermi energy or layer number, the amplitude of the Fano resonance
can be modulated. The tunable Fano resonance here together with the underlying
physical mechanism can be strategically important in designing active metal-graphene
hybrid metamaterials. In addition, the ”sensitivity” to the graphene layer of the
Fano resonance is also highly appreciated in the field of ultrasensitive sensing, where
the novel physical mechanism can be employed in sensing other graphene-like two-
dimensional (2D) materials or biomolecules with the high conductivity.
21. Introduction
Graphene, a monolayer of carbon atoms arranged in plane with a honeycomb lattice,
is a two-dimensional (2D) material. Since the first report of its synthesis via a
”Scotch tape” method in 2004, graphene has emerged as a popular research topic
in the fields of optics and optoelectronics [1–3]. Among its many novel properties,
the semi-metallic behavior is one of the most fascinating ones, and based on which,
graphene can couple to the incidence light and support surface plasmon resonances
(SPRs) in the mid-infrared and terahertz (THz) regime [4–8]. The propagating SPRs
in graphene waveguides make it possible to guide light with deep subwavelength mode
profiles [9–11], and in the meanwhile, the localized SPRs in graphene metamaterials
lead to efficient light confinement and strong near-field enhancement [12–15]. Moreover,
the continuously tunable conductivity of graphene via manipulating its Fermi energy
enables active SPRs [16–18], which provide an effective route for efficient real-time
control and manipulation of the incidence light and offer much more flexibility
than traditional plasmonic materials. Therefore, a range of graphene-based active
applications have been proposed and demonstrated in the mid-infrared and THz regime
such as absorbers [19–21], biosensors [22, 23], filters [24–26] and modulators [27, 28],
which are considered as potential competitors to their electrically controllable metallic
counterparts [29,30]. Though the function role of graphene in the active control of SPRs
has been extensively investigated, the interaction between graphene and metal-based
resonant micro/nanostructures has not been fully understood, which is also technically
important since it may provide new opportunities to reveal novel physical mechanisms
as well as feed back precursors for the calibration of active control and application
development of metal-graphene hybrid micro/nanostructures [31–36].
To this end, a simulation investigation on the interaction between the graphene layer
and metal-based resonant metamaterials is systematically conducted in this work. The
classical THz metamaterials composed of an array of the two-gap split rings is employed
here to simultaneously support both the dipole resonance and the Fano resonance. The
simulation results show that the presence of the graphene layer on the top of split ring
metamaterials can substantially reduce the Fano resonance and even switch it off, while
leave the dipole resonance nearly unaffected. The underlying physical mechanism lies
in that the conductive graphene layer can recombine and neutralize the opposite type
of charges at the ends of the two gaps, and thus suppress the electric field enhancement
3at the Fano frequency. With the manipulation of graphene conductivity via altering
its Fermi energy or layer number, the amplitude of the Fano resonance can be further
modulated. Therefore, the tunable Fano resonance here together with the underlying
physical mechanism can be strategically important in designing active metal-graphene
hybrid metamaterials. In addition, considering the ultra thin thickness of the graphene
layer (∼ 1 nm), the ”sensitivity” of the Fano resonance here is also highly appreciated in
the field of ultrasensitive sensing, where the novel physical mechanism can be employed
in sensing other graphene-like 2D materials or biomolecules.
2. The geometric structure and numerical model
The schematic geometry of our proposed structure is depicted in Figure 1. The unit
cell of metal-based resonant metamaterials is arranged in a period array with a lattice
constant P = 60 µm and composed of a two-gap aluminum split ring on the top of a
silicon substrate. The radius, the width and the thickness of the split ring resonator are
respectively R = 21 µm, W = 6 µm and tAl = 200 nm, and the substrate is assumed
to be semi-infinite. The central angles of the lower and the upper arcs of the two-gap
split ring are denoted by θ1 and θ2. The optical constants of aluminum in the THz
regime are described by a Drude model εAl = ε∞ − ω
2
p/(ω
2 + iωγ) with the plasmon
frequency ωp = 2.24× 10
16 rad/s and the damping constant γ = 1.22× 1014 rad/s [37].
The refractive index of the silicon is taken as nSi = 3.42.
The graphene layer is placed on the top of the two-gap split ring metamaterials and
modeled as a 2D flat plane. The graphene conductivity in the THz regime is dominated
by the intraband transport processes and also treated according to a Drude-like model
σg = ie
2EF/[pih¯
2(ω+i/τ)], where e is the charge of an electron, EF is the Fermi energy of
graphene, h¯ is the reduced Planck’s constant and τ is the relaxation time. EF = 0.275
eV and τ = 70 fs can be calculated by EF = h¯vF
√
pi|ng| and τ = µh¯
√
pi|ng|/evF ,
where the Fermi velocity vF = 1.1 × 10
6 m/s, the charge density ng = 4.60 × 10
12
cm−2 and the carrier mobility µ = 3000 cm2/V·s are consistent with the experimental
measurements. [38, 39].
As previously reported, the two-gap split ring metamaterials can simultaneously
support both a bright dipole resonance and a dark Fano resonance if the symmetry of the
structure is broken [40,41], which can provide an excellent platform for the comparative
investigation on the interaction between the graphene layer and THz resonances. In the
4Figure 1: The schematic geometry of our proposed structure. From the top to the
bottom of the structure are a graphene layer, a two-gap aluminum split ring and a
silicon substrate. The lattice constant is P = 60 µm. The radius, the width and
the thickness of the split ring resonator are respectively R = 21 µm, W = 6 µm and
tAl = 200 nm, and the substrate is assumed to be semi-infinite. The central angles of
the lower and the upper arcs of the two-gap split ring are denoted by θ1 and θ2.
initial setup, the central angles of the lower and the upper arcs of the two-gap split ring
are equally set to θ1 = θ2 = 160
◦ to form symmetric split ring (SRR) metamaterials.
The asymmetry is gently introduced with the increase of θ1 and the decrease of θ2 to
make asymmetric split ring (ASR) metamaterials, and the asymmetry degree is defined
as ∆θ = θ1 − θ2. The influence of the graphene layer on the THz resonances with
different ∆θ will be analyzed to reveal the novel physical mechanism behind it using
the finite-difference time-domain (FDTD) method. The periodical boundary conditions
are employed in the x and y directions and perfectly matched layers are utilized in the
z direction along the propagation of the incidence plane wave.
3. Simulation results and discussions
The THz plane wave is illuminated along the negative z-axis with the electric field
oriented perpendicular to the gaps. The simulated transmission spectra through the two-
gap split ring metamaterials without and with the graphene layer is shown in Figure 2,
where the asymmetry degree is varied from 0◦ to 40◦.
In the absence of the graphene layer, with the asymmetry degree ∆θ = 0◦, the
SSR metamaterials show a symmetric resonance at 1.24 THz, which is known as the
5Figure 2: The simulated transmission spectra through the two-gap split ring
metamaterials without and with the graphene layer. The THz plane wave is illuminated
along the negative z-axis with the electric field oriented perpendicular to the gaps. The
asymmetry degree is varied from 0◦ to 40◦, as shown in the insets.
bright dipole mode. It is the basic and direct response of metamaterials to the free-space
light and exhibits a broad resonance line width caused by the strong radiative losses.
When a slight asymmetry ∆θ = 10◦ is introduced, SSR metamaterials turn into ASR
ones, along with two resonances appearing in the transmission spectrum, one which is
identical to that of SSR metamaterials and recognized as the dipole mode, the other
is an asymmetric Fano resonance located at 0.89 THz. This additional ultra sharp
resonance results from a subradiative dark mode where the radiative losses are near
completely suppressed and the line width of the transmission profile is solely limited by
the intrinsic metal losses (Drude damping) [42]. With the increase of the asymmetry
degree, the dipole resonance has little change except the resonance frequency shifting to
1.27 THz, which once again demonstrate the fundamentality of this bright mode in the
symmetric as well as the asymmetric metamaterials, and in the meanwhile, the Fano
6resonance remains at the nearly fixed frequency and becomes even more pronounced,
where the steeper dips can be nicely observed in the respective spectra with ∆θ = 20◦
and ∆θ = 40◦.
In the presence of the graphene layer, the profile of the broad dipole resonance
is pretty much the same as that in the previous case with every asymmetry degree,
which indicates that the bright mode does not interact with the graphene layer. By
contrast, however, the Fano resonance experiences a great change. Though the trend
of the increase in the amplitude of the Fano resonance is retained with the increase
of asymmetry degree, the absolute strength is substantially reduced and even switched
off. In order to characterize the induced change in the resonance strength due to the
presence of the graphene layer, the reduction degree in the transmission is introduced
as ∆T = |T0 − Tg| × 100%, where T0 and Tg are the transmission amplitudes at the
dip of the Fano resonance without and with the graphene layer. When the asymmetry
degree starts at ∆θ = 10◦, the reduction degree in the transmission is ∆T10 = 7.93%.
As ∆θ increases to 20◦, the reduction degree goes up to ∆T20 = 17.28%. Finally when
∆θ comes to 40◦, the reduction degree gets back to ∆T40 = 7.33%. In comparison with
that on the dipole resonance, the graphene layer has a much more pronounced effect
on the Fano resonance, which implies the existence of a strong interaction between the
graphene layer and ASR metamaterials at the Fano frequency.
To reveal the physical mechanism behind the novel phenomenon, the essences of
the dipole and the Fano resonances are reviewed. The simulated surface charge density
and electric field distributions at the resonances without the graphene layer are plotted
in Figure 3 and 4, where the asymmetry degree is ∆θ = 10◦. For the dipole resonance
at 1.24 THz, a vertically symmetric distribution of the surface charge density along
the lower and upper arcs of ASR can be nicely observed and the net induced dipoles
in the THz metamaterials exhibit a clear tendency to follow the polarization of the
incidence plane wave, where the same type of charges locate at two ends of each gap.
However, for the Fano resonance at 0.89 THz, a large amount of the opposite type of
charges accumulate at the two gaps, inferring a circulation distribution of the surface
charge density along the entire ASR and making it a magnetic dipole, which can be
phenomenologically understood in terms of a LC-oscillator with the two gaps serving
as effective capacitors. Therefore, much more pronounced electric field are confined
in the split gaps of ASR at the Fano resonance since the asymmetric mode is only
weakly coupled to the free-space light. By comparison, the different distribution types
7should be the reason why the two resonances behave differently to the graphene layer.
The underlying physical mechanism lies in the high conductivity of graphene. Once
the graphene layer is placed on the top of the THz metamaterials, it connects the
lower and upper arcs of ASR, shorten the two gaps and thus influences the charge
distributions. For the dipole resonance, the presence of the graphene layer does not
cause a significant change in the transmission spectrum in that the shorting of the
two gaps would not influence the accumulation of the same type of charges. For the
Fano resonance, however, the opposite type of charges at the ends of the two gaps can
be recombined and neutralized through the highly conductive graphene, which leads a
strong suppression of the electric field enhancement. Therefore, the absolute strength
of the Fano resonance would be substantially reduced and even switched off in the
transmission spectrum.
Figure 3: The simulated surface charge density distributions (a) at the dipole resonance
and (b) at the Fano resonance without the graphene layer. The asymmetry degree is
10◦, as shown in the insets.
To demonstrate the proposed physical mechanism, the simulated surface charge
density and electric field distributions at the Fano resonance without and with the
graphene layer are compared in Figure 5 and 6, where the asymmetry degree is varied
from 10◦ to 40◦. When the asymmetry degree starts at ∆θ = 10◦, the opposite
type of charges at the ends of the two gaps are recombined and neutralized through
the conductive graphene placed on the top of ASR metamaterials and the strong
enhancement of the electric field in the gaps is near completely suppressed, which
corresponds to the switch-off of the Fano resonance in the transmission spectrum. With
the increase of asymmetry degree to ∆θ = 20◦, the surface charge distribution gets
8Figure 4: The simulated electric field distributions (a) at the dipole resonance and (b)
at the Fano resonance without the graphene layer. The asymmetry degree is 10◦, as
shown in the insets.
denser and the electric field enhancement becomes even more pronounced without the
graphene layer, while those with the presence of the graphene layer increase only slightly,
leading to the larger change in the absolute strength of the Fano resonance. Finally when
∆θ = 40◦, the surface charge density and the electric field enhancement begin to fall,
and in the meanwhile, those with graphene further go up, which accordingly explains
the decrease of the reduction degree in the transmission.
Compared with metal-based micro/nanostructures, one of the main advantages of
metal-graphene hybrid metamaterials is the active tunability. In previous reports, the
manipulation of graphene conductivity has been demonstrated via altering the Fermi
energy by electric gating [18] or chemical doping [43]. For this purpose, the influence of
graphene conductivity on the Fano resonance is also investigated here via altering the
Fermi energy of the graphene layer. The frequency dependent graphene conductivity at
relatively low Fermi energy is calculated according to the Drude-like model and shown
in Figure 7. With the increasing Fermi energy from EF = 0.1 eV to EF = 0.3 eV, the
graphene conductivity increases rapidly, which infers that the recombination effect of
the opposite charges at the two ends of the split can be more pronounced with higher
Fermi energy. Considering this, the transmission spectra through the two-gap split ring
metamaterials with the graphene layer are simulated in Figure 8, where the Fermi energy
is varied from 0.1 eV to 0.3 eV and the asymmetry degree from 0◦ to 40◦. With the
increase of the Fermi energy, the amplitude of the Fano resonance with every asymmetry
degree decreases, which exhibits the same tendency in accordance with the relationship
9Figure 5: The simulated surface charge density distributions at the Fano resonance
(a-e) without and (b-f) with the graphene layer. The asymmetry degree is varied from
10◦ to 40◦, as shown in the insets.
between conductivity and the Fermi energy of graphene and in turn demonstrate our
proposed physical mechanism. Therefore the tunable Fano resonance here together
with the underlying physical mechanism can be of strategic importance and practical
significance to feed back precursors for the calibration of active control and application
development of metal-graphene hybrid metamaterials.
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Figure 6: The simulated electric field distributions at the Fano resonance (a-e) without
and (b-f) with the graphene layer. The asymmetry degree is varied from 10◦ to 40◦, as
shown in the insets.
In the real cases, there would be unavoidable disorders generated by the
environment during the growth or transfer processes of graphene. The multilayer
graphene can be found either in twisted configurations where the layers are rotated
relative to each other or graphitic Bernal stacked configurations where half the atoms
in one layer lie on half the atoms in others [44]. Previous investigations have claimed
the randomly stacked graphene layers would still behave as the isolated graphene layer
11
Figure 7: The frequency dependent graphene conductivity (a) the real part (b) the
imaginary part. The Fermi energy is varied from 0.1 eV to 0.3 eV, as shown in the
insets.
Figure 8: The simulated transmission spectra through the two-gap split ring
metamaterials with the graphene layer. The Fermi energy is varied from 0.1 eV to
0.3 eV and the asymmetry degree from 0◦ to 40◦, as shown in the insets.
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owing to the electrical decoupling and the conductivity becomes proportional to the
layer number [45, 46]. Considering this, the transmission spectra through the two-gap
split ring metamaterials with the multilayer graphene are also simulated in Figure 9,
where the layer number is varied from 1 to 3 and the asymmetry degree from 0◦ to
40◦. As with the graphene layer, the dipole resonance still does not interact with
Figure 9: The simulated transmission spectra through the two-gap split ring
metamaterials with the multilayer graphene. The layer number is varied from 1 to
3 and the asymmetry degree from 0◦ to 40◦, as shown in the insets.
the multilayer graphene in that the shorting of the two gaps would not influence the
accumulation of the same type of charges. But on the other hand, the presence of
the multilayer graphene further reduces the absolute strength of the Fano resonance in
the transmission spectra due to the higher conductivity, where this resonance mode is
near completely switched off with ∆θ = 10◦ and ∆θ = 20◦ and the steepest dip with
∆θ = 40◦ become quite moderate. These simulation results are in accordance with the
relationship between conductivity and the layer number of graphene and once again
demonstrate our proposed physical mechanism. In addition, the ”sensitivity” to the
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graphene layer of the Fano resonance in the ASR metamaterials can also be employed
in the field of ultrasensitive sensing. In general, sensing with THz metamaterials requires
the analyte with a thickness of hundreds of nanometers [47, 48], however, in our case,
the ultra thin (∼ 1 nm) graphene layer is detected, which can be extended to other
graphene-like 2D materials or biomolecules with the high conductivity.
4. Conclusions
In conclusions, the interaction between the graphene layer and THz resonances is
numerically investigated in this work. It is found that the presence of the graphene
on the top of ASR metamaterials can substantially reduce the Fano resonance and even
switch it off, while leave the dipole resonance nearly unaffected. This novel phenomenon
is well explained with the high conductivity of graphene, which can recombine and
neutralize the opposite type of charges at the ends of the two gaps, and leads a strong
suppression of the absolute strength of the Fano resonance. With the manipulation of
graphene conductivity via altering its Fermi energy, the amplitude of the Fano resonance
can be actively modulated. The multilayer graphene as disorders in the real cases are
also included to explore the practical possibility and the results are in accordance with
the relationship between conductivity and the layer number of graphene. Therefore the
tunable Fano resonance here together with the underlying physical mechanism can be
strategically important in designing active metal-graphene hybrid metamaterials. In
addition, the ”sensitivity” to the graphene layer of the Fano resonance in the ASR
metamaterials is also highly appreciated in the field of ultrasensitive sensing, where the
novel physical mechanism can be employed in sensing other graphene-like 2D materials
or biomolecules with the high conductivity.
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